The mechanisms regulating expression of mouse mammary tumor virus (MMTV)-encoded superantigens from the viral sag gene are largely unknown, due to problems with detection and quantification of these lowabundance proteins. To study the expression and regulation of the MMTV sag gene, we have developed a sensitive and quantitative reporter gene assay based on a recombinant superantigen-human placental alkaline phosphatase fusion protein. High sag-reporter expression in Ba/F3, an early B-lymphoid cell line, depends on enhancers in either of the viral long terminal repeats (LTRs) and is largely independent of promoters in the 5' LTR. The same enhancer region is also required for general expression of MMTV genes from the 5' LTR. The enhancer was mapped to a 548-bp fragment of the MMTV LTR lying within sag and shown to be sufficient to stimulate expression from a heterologous simian virus 40 promoter. No enhancer activity of the MMTV LTR was observed in XC sarcoma cells, which are permissive for MMTV.
Our results demonstrate a major role for this enhancer in MMTV gene expression in early B-lymphoid cells.
Mouse mammary tumor virus (MMTV) is a murine B-type retrovirus that causes a high incidence of mammary tumors in infected females. Infectious MMTV is transmitted from mother to offspring via milk (see refs. 1 and 2 for review). Infection of B lymphocytes plays an important role in the viral life cycle (3, 4) . Also, endogenous MMTV mRNAs are found in pro-B, pre-B, and mature stages of B-cell development (5) .
MMTV encodes a superantigen (Sag protein) that, when expressed on the surface of B cells or other antigen-presenting cells, activates a large number of T cells by interaction with specific T-cell receptor 3 chains (6) . The resulting T-cell response in turn stimulates the infected B cells to proliferate (4) and thus amplifies the number of virus-infected cells. The viral sag gene encoding Sag is located within the viral long terminal repeat (LTR). All current evidence indicates the use of the 3' LTR sag gene in superantigen expression. Three different promoters have been implicated in sag expression under different conditions: the classical promoter at the U3-R border (P1) (7, 8) , which is used for the expression of all retroviral genomes and structural genes (9); a promoter within U3 (P2) (10) ; and a phorbol ester-inducible promoter within the env gene (Penv) (11, 12) . The results of these experiments have to be interpreted with caution because (i) mRNAs characterized by reverse transcription-PCR may represent rare aberrant transcripts irrelevant for the total level of sag expression, (ii) not all RNAs containing the sag gene are necessarily used for Sag protein expression, and (iii) promoter activity of isolated subgenomic regions might not be important in the context of a complete provirus.
The lack of a sensitive and quantitative assay for superantigens has prevented a detailed understanding of sag gene regulation. Detection of superantigen expression has been achieved with either a functional test for superantigen activity or monoclonal antibodies. Both techniques are of only limited use. Superantigen activity depends on coexpression of major histocompatibility complex (MHC) class II molecules on the same cell, and MHC class II molecules are known to limit the functional expression of MMTV superantigens (13) . Detection of Sag proteins by monoclonal antibodies is relatively insensitive (14) .
To determine the viral sequences regulating sag gene expression in a MMTV provirus and to quantify their effects, we developed a sensitive sag gene reporter assay. We found that high expression of the sag gene in an early B-lymphoid (pro-B) cell line is largely independent of the viral 5' LTR and relies on an intragenic enhancer element.
MATERIALS AND METHODS
Plasmids. The Mtv-1/C3H recombinant proviral clone "hybrid MMTV" in pBR322 (15) 
RESULTS
Sag-PLAP Fusion Protein as Superantigen Reporter. Quantitative assay of the MMTV sag gene product expressed from a provirus has not been possible with available methods (13, 14) . To study the regulation of sag gene expression in MMTV, we inserted a reporter gene encoding human PLAP into the sag gene of an infectious and oncogenic MMTV provirus (15) , thus creating a hybrid sag-PLAP gene (sap) in the 3' LTR ( Fig. 1 ). Since expression of functional Sag requires translational initiation at the codon for Met-1 or Met-38 within the sag gene (23) , with initiation at Met-1 being greatly preferred over Met-38 in in vitro translation studies (24) , a PLAP gene lacking its original initiation codon was inserted in-frame after Sag codon 17 (pMsaP). All MMTV proviral sequences are present in this construct. Expression of the reporter gene in this system is expected to result in the translation of a recombinant alkaline phosphatase with the N-terminal 17 aa of the C3H Sag protein at its N terminus.
To determine whether the product of the sag-PLAP reporter gene retains its enzymatic activity, we cloned the recombinant sap gene and 5' flanking viral leader sequence into the expression plasmid pRC/CMV (pRC/CMVsap). After transfection of this plasmid into XC cells ( (15) . The bone marrow-derived pro-B cell line Ba/F3 (21) has been chosen as an early B-cell model system because high transfection efficiency and low cellular alkaline phosphatase levels allow sensitive sag-reporter detection. PLAP levels after pMsaP transfection were -450-fold (Ba/F3) and -5-fold (XC) increased over cellular background levels (Fig. 3) .
To determine the location within the provirus of regulatory elements required for sag gene expression, we created a series of deletion constructs (pMsaP A) lacking increasing portions at the 5' end of the provirus. In Ba/F3 cells (Fig. 3A) (Fig. 4) .
In Ba/F3 cells (Fig. 4A ) truncation of the pMlsaP provirus from the 5' end revealed a striking difference from the constructs with intact 3' LTRs. The sag-reporter expression decreased modestly (factor of 2.5) after removal of nt 1-9 of the 5' LTR and flanking region (pMlsaP A9). In contrast, a sharp reduction by a factor of 25, to 1.5% of wild-type activity, occurred when nt 9-556 of the 5' LTR were deleted (pMsaP A556). Further truncations removing the putative P2 promoter (pMlsaP A780 and A828) had no effect (1.6% and 1.5% of initial activity). Further deletion including the entire 5' LTR or entire 3' half of the provirus decreased the signal to .1% of the initial value, most likely due to inactivation of the classical promoter. Reporter activity in deletion constructs pMlsaP A7478 and A8532, both lacking the putative promoter Penv, was further reduced to 0.2% of wild-type levels, close to the mock control. These results indicate that the 5' LTR from nt 9 to nt 556 contains a regulatory element that is required for high level sag expression in Ba/F3 cells. As shown before ( was not sufficient to confer detectable reporter expression. No pM2saP reporter activity was detectable in XC cells. We conclude that LTR fragment 9-556 is also required for expression of MMTV genes other than sag in Ba/F3. The overall lower reporter levels of pM2saP compared with pMlsaP, including the internal proviral region (Fig. 4) , is consistent with the presence of a promoter in the internal region.
The MMTV LTR Contains an Enhancer Active in Ba/F3 Cells. The position-independent stimulatory effect of 5' LTR nt 9-556 or 3' LTR nt 54-99-1 on sag gene expression in Ba/F3 cells was suggestive of the presence of an enhancer element within these regions. To test this hypothesis, we used plasmid pMlsaP A556, which lacks these stimulatory regions and exhibits a low level of sag-reporter activity in Ba/F3 cells (Fig.  6) . We reintroduced the Mtv-1 LTR fragment 9-556 into either the 5' or the 3' LTR of pMlsaP A556. When located in the 5' LTR, the fragment in both orientations stimulated sag-reporter expression 20-fold, to levels comparable to pMlsaP. When the fragment was present in the 3' LTR the stimulation was stronger in the minus orientation (25-fold) than in the plus (original) orientation (8-fold). These experiments confirm that Mtv-1 LTR fragment 9-556 acts as position-and orientation-independent enhancer element to stimulate sag-reporter activity in Ba/F3 cells.
Mtv-1 LTR Fragment 9-556 Is Sufficient as Enhancer in Ba/F3 Cells. To determine whether Mtv-1 LTR fragment 9-556 contains all the necessary elements required for enhancer activity or depends on other elements within the provirus, we tested the enhancer activity of this region in a heterologous system. In pGL2-promoter the firefly luciferase gene is under the control of the simian virus 40 promoter and, due to the lack of enhancers, only weakly expressed. The low basal level of luciferase expression from this plasmid was increased 30-fold by introduction of Mtv-1 LTR fragment 9-556 into the position 3' from the luciferase gene, independent of the fragment orientation (Fig. 7) . (25) . However, the putative enhancers, transcription factors, and binding sites involved are still elusive.
In this study we tested the regulation of MMTV sag gene expression in two selected cell lines in the absence of added steroid hormones and detected a MMTV enhancer activity in B-lymphoid cells. In Ba/F3, a bone marrow-derived early B-lymphoid cell line without known superantigen activity, cellular factors are present that interact with LTR nt 9-556 to enhance expression of superantigens and other viral proteins at least 20-fold. The enhancer is not active in rat XC cells, which are permissive for MMTV infection and expression (15) , presumably due to the absence in these cells of one or more cell type-specific factors. The enhancer element localizes to the 5' end of the MMTV LTR, overlapping with codons 4-183 of the sag gene, and thus represents an intragenic enhancer. Further experiments are required to determine whether this enhancer shares transcription factor-binding sites with a mammary gland cell-specific enhancer previously mapped within this general region (26, 27 Almost all retroviral genes are transcribed from a promoter within the 5' LTR. The primary transcript is either directly used for translation of gag and pol genes or spliced to allow expression of env and possible accessory genes. In MMTV the situation may be different. In a MMTV provirus lacking the entire 5' LTR, we have found that a region within the env gene is sufficient for sag expression equivalent to 70-80% of wild-type activity in the presence of the 3' LTR. Similar observations have been made for superantigen activity in a B-cell hybridoma (28) . Promoters within the 5' LTR are apparently not required for sag gene expression. The position of the env gene region critical for reporter activity suggests the involvement of the previously described env gene promoter (Penv) (11, 12) . A contrasting recent report demonstrates that the endogenous provirus Mtv-6 expresses sufficient Sag protein to induce superantigen-dependent T-cell deletion (8) but lacks most of the env gene, including Penv Interestingly, our mutant provirus M2SaP (Fig. 5) , which has a similar, even larger deletion of the internal viral region, exhibits a reduced but still significant sag-reporter signal that may be sufficient in vivo to induce the observed superantigen effects. These results are consistent with a concerted action of the classical LTR promoter Pi and Penv for sag expression in an intact provirus.
Inactivation or loss of one promoter could be compensated for by the second promoter. Dual expression from the classical promoter in the 5' LTR or a promoter within the env gene has previously been demonstrated for the bel-J/taf genes of spumaviruses (29, 30) .
The presence of newly integrated proviruses in the bone marrow of mice infected with exogenous MMTV (31) strongly suggests a functional relevance of MMTV gene expression in bone marrow-derived cells such as Ba/F3. It remains to be determined whether sag expression in mature B cells is regulated in the same way. Our sag-reporter assay provides the experimental tool to address this question.
